To assess the test-retest variability of central and sectorial macular thickness measurements obtained by Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA) in neovascular agerelated macular degeneration (nAMD). METHODS. Macular thickness measurements of nine standard ETDRS subfields were obtained and analyzed. The repeatability of macular thickness measurements by Cirrus HD-OCT was assessed by examining the intrasession within subject standard deviation (Sw), coefficient of repeatability (CR), and coefficient of variation (CV), before and after eyes with retinal segmentation errors were excluded. RESULTS. Forty-nine nAMD eyes of 49 consecutive patients were included in the study. The CR for the central macular subfield was 42.4 m (10.5%) and ranged from 12.1 m (3.7%) for the outer nasal to 41.8 m (11.4%) for the inner nasal subfields. In a secondary analysis, eyes affected by erroneous detection of inner and outer retinal boundaries (6/49, 12.24%) were excluded. The revised coefficient of repeatability for the central macular subfield was 26.1 m (8.1%) and ranged from 10.3 m (3.8%) for the outer superior to 30.2 m (8.3%) for the inner nasal subfields. CONCLUSIONS. Overall, the test-retest variability of Cirrus HD-OCT is good for the central and sectorial macular subfields, with a low incidence of scan artifacts. (Invest Ophthalmol Vis Sci. 2010;51:4788 -4791)
O ptical coherence tomography (OCT) is a noninvasive technique that provides detailed cross-sectional images of the retina. 1 OCT has progressively become an important tool in the management of patients with neovascular age-related macular degeneration (nAMD), because of its high resolution and ability to quantify changes in retinal thickness, either spontaneous or in response to different treatments. These capabilities are particularly important in the new era of antivascular endothelial growth factor (VEGF) therapies, in which qualitative and quantitative information provided by OCT are integral parts of retreatment criteria. 2 Despite the advantages provided by OCT over other imaging techniques, interpretation of OCT outcomes in patients with nAMD has been prone to frequent significant errors in the identification of retinal boundaries by the automated image-analysis software. 3 To date, time-domain OCT (Stratus; Carl Zeiss Meditec, Inc., Dublin, CA) has been the most commonly used technique for obtaining macular thickness measurements [3] [4] [5] [6] [7] and has been shown to generate measurements with high repeatability. 8 -13 Recent advantages in OCT technology have led to the development of faster and more accurate OCT scanning systems, known as spectral or Fourier domain OCT (SD-OCT), which is capable of acquiring large, volumetric data sets in a short time frame, giving more detailed information on nAMD. 14 -18 Cirrus HD-OCT (Carl Zeiss Meditec, Inc.) is an SD-OCT that has an axial resolution of 5 m and a scan velocity of 27,000 axial scans per second. These features improve the ability to visualize smaller and thinner structures that are difficult to visualize with time-domain OCT. 14, 15, 19, 20 Cirrus HD-OCT has been demonstrated to have high intrasession repeatability in healthy subjects 21, 22 and provides retinal thickness measurements approximately 43 m higher than does Stratus OCT (Carl Zeiss Meditec, Inc.), which is likely to be attributable to the difference in the detection of the outer retinal boundary by the two instruments: the retinal pigment epithelium and the inner-outer segment photoreceptor junction for Cirrus and Stratus, respectively. 23 OCT-derived retinal thickness measurements with Stratus are subject to considerable measurement variability in patients with nAMD, with changes of more than 50 m. 3 The difficulty in estimating the repeatability of automated retinal thickness measurements in retinal diseases characterized by marked alteration in the retinal morphology, as in nAMD, arises from the higher incidences of scanning artifacts and automated segmentation algorithm errors that affect these eyes. 24 -26 The purpose of this study was to assess the test-retest variability of central and sectorial macular thickness measurements obtained by Cirrus HD-OCT in nAMD and to determine the incidence of scanning artifacts and their influence on test-retest variability.
METHODS
Forty-nine consecutive subjects with active neovascular age-related macular degeneration after at least one treatment session with anti-VEGF drugs and with different degrees of disease activity were included in the study. Only one eye of each patient was included. If both eyes met the inclusion criteria, the eye with the best distance acuity was selected. According to biomicroscopy and fluorescein angiography, staging of the lesion was performed: stage 1 represented lesions without signs of classic, occult, or minimally classic fibrosis; stage 2 included lesions containing fibrotic parts. 25 The study was performed in accordance with the ethical standards stated in the Declaration of Helsinki and was approved by the institutional review board. Each patient signed an informed consent before the enrollment in the study. Exclusion criteria were poor OCT image quality (signal strength, Յ5), the presence of a refractive error ϾϮ5 D, astigmatism Ͼ2 D, media opacities, the presence of epiretinal membrane or vitreomacular traction, and a history of ocular trauma or ocular diseases other than nAMD. All subjects received a complete ophthalmic evaluation, including noncontact IOP measurement (Ocular Response Analyzer [ORA]; Reichert, Depew, NY) and indirect ophthalmoscopy.
Each subject underwent three OCT scanning sessions within 3 hours on the same day, with the 512 ϫ 128 Cirrus OCT scanning protocol. Retinal scans were performed by the same operator (MS), who has been certified by image-reading centers for OCT imaging in multicenter clinical trials. All image sets were analyzed to rule out segmentation algorithm errors by two graders (MP, FM), both experienced in management and treatment of nAMD and certified as OCT operators in several multicenter clinical trials.
All scans were used for the primary analysis (low-quality [LQ] analysis). In a secondary analysis, only images without segmentation errors were included (high-quality [HQ] analysis).
Retinal thickness measurements of each of the nine subfields corresponding to the Early Treatment of Diabetic Retinopathy Study (ETDRS) areas were examined in the analysis. 27 ETDRS areas are defined by three concentric rings centered into the fovea with diameters of 1, 3, and 6 mm, respectively, and with the two outer rings divided into quadrants by two intersecting orthogonal lines. All imaging sessions were performed after pupil dilation with 1 drop of 1% tropicamide in the selected eye.
Scanning with the Cirrus HD-OCT was performed with the 512 ϫ 128-scan pattern, in which a 6.6-mm area on the retina is scanned with 128 horizontal lines, each consisting of 512 A-scans per line within a scan time of 2.4 seconds.
The primary objective was to assess the test-retest variability of macular thickness measurements performed by Cirrus HD-OCT in nAMD. Secondary objectives included assessment of the incidence of scanning artifacts and their influence on test-retest variability of macular thickness measurements.
Mean and 95% confidence interval (95% CI) were used to describe continuous variables. The coefficient of repeatability (CR) was calculated according to the methods outlined by Bland and Altman 28, 29 for each of the automated retinal thickness measurements in the nine ETDRS subfields (1.96 ϫ square root of the within-subject variance from repeated measurements). The CR was also expressed as a percentage of the mean measurement.
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RESULTS
Fifty-three nAMD eyes of 53 consecutive patients were screened for enrollment in the study. Four eyes were excluded because of poor-quality scans (signal strength Ͻ5, according to the inclusion and exclusion criteria).
Forty-nine eyes of 49 consecutive subjects (mean age, 74.1 Ϯ 1.2 years; 29 men and 20 women) with active nAMD were included in the study and considered for the statistical analysis.
nAMD was classified according to the presence of fibrosis within the lesions. 25 Of the 49 patients, 35 (71.4%) had lesions without signs of fibrosis (classic, occult or minimally classic) and were defined as stage 1. The remaining 14 (28.6%) presented lesions containing fibrosis (stage 2). The mean visual acuity was 0.32 Ϯ 0.15 logMAR.
The CR for the central macular subfield was 42.4 m (10.5%), ranging from 12.1 m (3.7%) for the outer nasal to 41.8 m (11.4%) for the inner nasal subfields (LQ analysis). Full details are presented in Table 1 . Table 2 .
DISCUSSION
This study provides an estimate of the reproducibility of Cirrus HD-OCT-derived retinal thickness measurements in patients with nAMD.
Overall, retinal thickness measurements obtained with Cirrus HD-OCT were found to be highly reproducible, with CR values for the central macular subfield of 42.4 m (10.5%), ranging across different macular subfields from 12.1 m (3.7%) for the outer nasal to 41.8 m (11.4%) for the inner nasal subfields (LQ analysis). The reproducibility of retinal thickness measurements increased after scans were excluded with errors in retinal boundary identification, with CR values for the central macular subfield of 26.1 m (8.1%), ranging across macular subfields from 10.3 m (3.8%) for the outer superior to 30.2 m (8.3%) for the inner nasal subfields (HQ analysis). The CR change from LQ analysis for the central macular subfield was 38.4%.
Wolf-Schnurrbusch et al. 22 recently compared the repeatability of central retinal thickness measurements by different OCT systems and reported a coefficient of variation of 3.09% for the Cirrus SD-OCT in normal eyes. More recently, Menke et al. 30 tested the reproducibility of retinal thickness measurements performed by the Fourier-domain Topcon 3D-OCT 1000 (Topcon Corp.) in patients with dry and exudative AMD and showed good reproducibility in both groups, with better results in dry than in exudative lesions (coefficient of variation, 1.8% vs. 3.7%). The results of our study showed similar results, Scans with segmentation errors were not excluded.
despite a slightly higher variability of measurements of central retinal thickness (coefficient of variation, 5.37% in the central macular subfield in the LQ analysis and 4.15% in the HQ analysis) compared with their data from the exudative AMD group. However, any comparisons of reproducibility between studies have to be interpreted with caution, because they may be influenced by several factors, including type and software version of the imaging device, within-study-group variance, the scan protocol, and the method applied for statistical analysis. Variability of retinal thickness measurements was found to be inconsistent across sectorial subfields, with CR ranging from 3.7% to 11.4% in the LQ analysis and from 3.5% to 9.2% in the HQ analysis. No clear trend of increasing or decreasing variability was identified according to either the eccentricity or position of the subfields. Explanations for these observations may be the presence of eccentric fixation, different location, and extension of retinal changes induced by choroidal neovascularization, or out-of-register error leading to segmentation errors.
Six (12.24%) of 49 pairs of scan sets were affected by retinal boundary segmentation errors and therefore excluded from statistical analysis.
The percentage of failing segmentation artifacts found in our study was lower than that reported by Krebs et al. 25 (25% vs. 12.4%) in a study specifically designed to assess the accuracy of OCT segmentation algorithms in nAMD eyes. Even though the sample populations of the two studies share several characteristics, such as mean age (74 vs. 78 years) and type of nAMD lesion (prevalence of lesions with signs of fibrosis, 28.6% vs. 31.1%), they differ in treatment status (lesions under treatment 100% vs. 70.2%) and distance visual acuity (0.32 vs. 0.64 logMar). Specifically, distance visual acuity differences, as an expression of differences in disease severity, may account for the lower incidence of segmentation artifacts found in our study.
The repeatability of Cirrus HD-OCT measurements found in our population of nAMD patients improved after all the scan sets with retinal segmentation errors were excluded. In fact, the CR for central macular subfield improved by 38.4%, changing from 42.4 (10.5%) to 26.1 (8.1%) m. Although this change is likely to have an impact in clinical practice, it also indicates that software algorithms must be improved and become more reliable in cases of severe morphologic changes associated with neovascular AMD, making clinical assessment easier.
Compared with previously published results on repeatability of retinal thickness measurements with Stratus OCT in nAMD patients, Cirrus HD OCT offered a better performance, with a lower degree of variability of retinal measurements, before and after the exclusion of scans affected by segmentation errors (26 vs. 50 m for the Cirrus and Stratus, respectively). 3 The lower Cirrus HD-OCT variability is most likely attributable to better-quality images, faster scan acquisition, and higher resolution and to the particular software segmentation algorithm (detection of the outer band of the retinal pigment epithelium versus Stratus OCT detection of the inner-outer segment photoreceptor junction). Nevertheless, it must be emphasized that the severity of nAMD is likely to have an impact on the variability of test-retest OCT retinal thickness measurements, challenging the OCT retinal segmentation algorithms. In fact, in our sample population, 71.4% of the study subjects showed lesions-classic, occult, or minimally classic-without signs of fibrosis, thus potentially leading to an overestimation of the reproducibility of retinal thickness evaluation compared with the daily clinical routine when more advanced lesions are imaged.
The diagnostic accuracy of a test is usually characterized by its sensitivity and specificity. The quantitative accuracy of OCT retinal thickness measurements, high in normal eyes and in patients with diabetic macular edema, has been demonstrated to be reduced in subjects with nAMD. In clinical settings, retinal specialists often base their retreatment decision on qualitative OCT analysis, which is less prone to error, whereas quantitative automatic analysis is cautiously interpreted, because of the reduced reproducibility of quantitative OCT measures. A higher CR has been found for measurements acquired in patients with nAMD, perhaps for several reasons, including fixation instability and extensive anatomic disruption of the macular structure, accounting for the inability of the OCT automatic intrinsic segmentation algorithm to correctively detect neuroretinal boundaries and to precisely localize the foveal area. Therefore, high measurement accuracy is crucial when assessing the efficacy of anti-VEGF therapy concerning only the quantitative OCT measurements. High accuracy is important to distinguish between measurement variability and small changes in retinal morphology induced by treatment or evidence of an early increase recurrence.
Changes of more than 26 m in central macular thickness, according to our data, may better reflect true clinical change in the scan without significant segmentation errors and may be used to guide retreatment of patients with nAMD in clinical trials and clinical practice.
In conclusion, the test-retest variability of Cirrus HD-OCT is good for central and sectorial macular subfields, with a low incidence of scan artifacts. The continuous implementation of the OCT technique, with the recent shift from time-to spectraldomain technology, has led to an increased level of reproducibility of OCT retinal measurements in subjects with nAMD, and this improvement should be considered when planning clinical trials. Scans with segmentation errors were excluded.
